AND CONCLUSIONS 1. Intracellular current-clamp recordings were made from neurons of the basolateral nucleus of the amygdala (BLA) of the rat in the in vitro slice preparation. Neurons were identified morphologically after intracellular injection of biocytin, and the electrophysiological properties and morphological characteristics were correlated.
INTRODUCTION
The amygdaloid complex, together with the cingulate and parahippocampal gyri, hippocampus, and septum, have been traditionally regarded as the main components of the limbic system. As part of the limbic system, the amygdala has been associated with spatial learning and memory (Aggleton and Mishkin 1984; Sarter and Markowitsch 1984; van Vulpen and Verwer 1989) , stimulus-reward associations (Gaffan and Harrison 1987; Jones and Mishkin 1972) , and fear conditioning (Miserendino et al. 1990 ). Dysfunction of the amygdala has also been implicated in pathological conditions such as temporal lobe epilepsy (Gloor 1992) . Indeed, the basolateral nucleus of the amygdala (BLA) has been demonstrated to be particularly sensitive to the kindling phenomenon (Burnham 1975; Le Gal La Salk 1981; Racine and McIntyre 1986) , whereby epilepsy develops as a result of repeated electrical stimulation of certain brain structures (Goddard et al. 1969) .
Morphologically, neurons of the rat BLA have been divided into three main classes (McDonald 1982 (McDonald , 1984 Millhouse and De Olmos 1983) . Class I are characteristically large neurons with spine-laden dendrites and are believed to be the projection neurons of the BLA. The majority of Class I neurons are reported to have pyramidal perikarya, whereas the remainder have a stellate appearance. Typically, axon collaterals from Class I neurons can establish en passant contacts with the dendrites of neighboring Class I neurons or with the dendrites of the cell from which the axon originates. Class II and Class III are small neurons with spine-sparse dendrites and appear to be interneurons or neurogliaform cells, respectively. This heterogeneity of cell types within the BLA is also observed in the cat (Tombol and Szafranska-Kosmal 1972) and in humans (Braak and Braak 1983) .
Retrograde labeling studies using [H 3] -D-aspartate revealed that the amygdalostriatal projection neurons of the BLA utilize either glutamate or aspartate as their transmitter (Christie et al. 1987; Fuller et "'! 1987) . Furthcrmo.'t, the majority of BLA neurons that Immul10stain for glutamate appear to be Class I pyramidal neurons (McDonald et al. 1989) . Conversely, the smaller Class II and Class III neurons appear to be immunoreactive for l '-aminobutyric acid (GABA) and acetylcholine (McDonald 1985a; Nitecka and Ben-Ari 1987; Nitecka and Frotscher 1989) , and may also correspond to those neurons shown to be immunoreactive for somatostatin, vasoactive intestinal polypeptide, and cholecystokinin (McDonald 1985b; Roberts et al. 1982) .
Until recently it has been difficult to study both the membrane properties and morphology of a specific neuron in brain slices because of problems with those agents used as intracellular injection markers. However, the introduction of the biotin-lysine complex biocytin as an intracellular marker (Horikawa and Armstrong 1988) has allowed stable intracellular recording and subsequent morphological examination of neurons from a number ofCNS regions (Kang and Kitai 1990; Keller et al. 1990; Smith and Armstrong 1990; Vaney 1991; Wilson et al. 1990) .
In previous studies (Rainnie et al. 1991a,b; , we had presumed that recordings were usually obtained from Class I pyramidal neurons, which have been reported to predominate in the BLA (McDonald 1982) . The present study was designed to investigate the morphology of BLA neurons, using biocytin as an intracellular marker, and to define the basic membrane properties of these neurons.
METHODS
Male Sprague-Dawley rats ( 110-150 g) were decapitated and their brains rapidly removed and placed in cold oxygenated artificial cerebrospinal fluid (ACSF) solution. Subsequently. the brain was hemisected and cut transversely posterior to the first branch and anterior to the last branch of the superior cerebral vein. The resulting section was glued to the chuck ofa Vibroslice tissue slicer (Campden Instruments).
Transverse slices of 500 /lm thickness were cut and the appropriate slices placed in a beaker of oxygenated ACSF at room temperature for :?I h before recording. The ACSr was of the following composition (in mM): 117 NaCI. 4.7 KCL 2.5 CaCI" 1.2 MgCI2• 25 NaHCO].
1.2 NaH2P04• and II glucose. The ACSF was bubbled with 95% 0,-5% CO, and had a pH 01'7.4.
--In the recording chamber. the slice was fully submerged and maintained at 32 ± 2°C (mean ± SE) with continuously superfused ACSF M icroelectrodes were pulled from fiber-filled capillary tubing of borosilicate glass with a Flaming-Brown micropipette puller (Sutter Instruments. Model P-80). The resistance of the microelectrodes filled with 2 M potassium acetate-2% biocytin (Sigma Chemical) ranged from 70 to 228 MD. After morphological identification of the neurons, it was found that the resistance of microelectrodes needed to impale Class II neurons was significantly higher ( 195 ± 24 MD. n = 6) than that needed to impale Class I stellate neurons (104 ± 10 MD, n = 5; P < 0.01). In addition, although the mean microelectrode resistance needed to impale Class I pyramidal neurons was higher ( 174 ± 36 MD, n = 5) than that needed to impale Class I stellate neurons, the difference was not statistically significant. On-and off-line data acquisition and analysis was accomplished using an Axolab 1100 interface (Axon Instruments) between an Axoclamp-2A preamplifier and a Dell 310 personal computer utilizing Pclamp 5.03 software programs (Axon Instruments).
Data were stored as analog signals for later analysis on video cassettes using an adapted video recorder (A. R. Vetter. Model 420B) and as hard copy on a Gould (Model 3400) chart recorder. Intracellular recr)f'img< were considered .lcceptable if nt.:cirons exhibited overshl"Joti.Jg 1ction potedtials and showed stable membrane potentials more negative than -60 mV in the absence of a DC holding current. The bridge balance was carefully monitored throughout the experiments and adjusted when necessary.
Time constants were analyzed using a standard (0.1 nA. 200 ms) hyperpolarizing current step command from a holding potential of -65 mV to measure the passive decay of voltage transients. We have previously demonstrated that at this membrane potential only passive membrane properties are measured in response to small (0.1 nA) hyperpolarizing current step commands (see Fig.   I D. Rainnie et a!. 1991 a) . Our analysis was based on Rail's model of a dendritic neuron (Rail 1969) . According to this model. the decay of the voltage transient in response to a hyperpolarizing current step, recorded at any point of the membrane, can be approximated by taking only the first two terms of an infinite series of exponential decays. Therefore, time constants were calculated by fitting a double exponential function using the least-squares method.
In this study. the term accommodation is defined as the ability of a neuron to cease firing in the continued presence of a pr;-longed (500 ms) depolarizing current injection (see also Katz 1939; Poulter et a!. 1989) , whereas the change in the frequency of action potential firing in response to prolonged depolarizing current injection is termed spike frequency adaptation. Interspike interval (ISI) frequencies were calculated from the reciprocals of the interspike duration (in milliseconds) of any two given action potentials.
The amplitude of the medium and slow afterhyperpolarizations (mAHPs and sAHPs, respectively) were measured at peak and 300 ms after the termination of depolarizing current injection. respectively. The sAHP was measured at this time point to ensure a >99% decay of the mAHP, which had a time constant for decav of 100 ± 27 ms (n = 6). All data are expressed as mean ± SE: in ail cases, n = number of neurons. Data were analyzed statisticallv using the unpaired Student's, test. Statistical sig ĩficance was dtermined at the level of P :;; 0.05.
Histology
After recording of the electrophysiological properties of BLA neurons, biocytin was iontophoresed into the neurons for:? 10 min with current injection (0.5-nA negative DC current in association with a transient I-s hyperpolarizing 0.5-nA current step command). Only one neuron was filled in each slice to ensure verification of membrane properties. On injection of biocytin. slices were removed from the recording chamber and placed in 4% paraformaldhyde in 0.1 M phosphate-buffered saline (PBS. pH 7.2) overnight at 4°C. Slices were rinsed in PBS. and coronal sections (75 /lM) were cut on a Vibroslice. Endogenous background peroxidase activity was quenched with 0.5 h incubation in 0.3% hydrogen peroxide in PBS and 0.4% Triton X-I 00 to permeabili;e the slice, followed by a further 0.5 h rinse in 0.4% Triton X-I 00 in PBS to remove excess hydrogen peroxide. The slices were then incubated with the avidin-biotin-horseradish peroxidase complex (Elite ABC kit. Vector Labs) in 0.4% Triton X-IOO PBS for:?2 h. The slices were washed several times in PBS and reacted with diaminobenzidine tetrahydrochloride at a concentration of O. I and 0.02% hydrogen peroxide in 0.1 M tris( hydroxymethyl )aminomethane buffer (pH 7.2) to visualize the biocytin-filled neurons. Slices were rinsed in PBS, mounted sequentially on gelled slides, and allowed to air dry overnight. The slices were dehydrated in alcohol. defatted with Histo-clear (National DiagnostiCS), mounted in Permount (Fisher Scientific), and coverslipped. Photomicrographs were taken with Tmax 100 (Eastman Kodak) film in a camera mounted on a Nikon Diaphot microscope (Nikor \ using Hoffman modulation optics (Moju'ati')n Optics) fhf cross· sectlvlal surface area cf stain.;d nCUr<JL va; calculated using the morphology sublOutine ofa Jandci Video Analysis Software program (JAVA, Jandel Scientific). Axons of Class I neurons were distinguished from dendrites according to those morphological traits ascribed to them by earlier Golgi studies of the BLA (McDonald 1982: Millhouse and DeOlmos 1983) . Namelv, axons, unlike dendrites, were aspiny. of uniform caliber, and ga ẽ off fine, beaded collaterals.
RESULTS

Morphology of BLA neurons
In the course of this study, intracellular recordings ofsufficient duration (> 30 min) to allow both injection with biocytin and recording of electrophysiological properties were obtained from 33 BLA neurons, During histological resectioning, we were able to recover -75% of those neurons. On the basis of soma size and appearance of the dendrites, these types could be grouped into two major populations. The first population, which we will call Class I neurons, were characterized by a large cell soma and spine laden dendrites (Figs. I A and 2A) . In contrast, the second Occasionally. peduncular spines with short. narro\\ shafts and bulbous terminal regions could be observed (Fig.   I B. arrows). In most pyramidal neurons. the axon originated from the proximal region of the largest basal dendrite (Fig. 1·1 . thick arrow) and appeared to be of uniform thickness. The mitial segment of the axon had few if any spines . and the proximal axon was spine-free Se,eral a.\on cl)llaterals ( Fig. 1.1 . double arrows) arose from the pro\lmal axon segment and then ramltied throughout the dendritic arborization of the neuron. Viewed at a higher magnification (Fig.  I C) . the axon collaterals had varicosities (arrows) at irregular intervals along their length. Often the axon collaterals (ac) could be seen to run parallel to a dendritic branch of the same neuron (Fig. I B) .
The second subtype of Class I neurons (7/ 14) were larger (perikarya surface area: 330 ::!:: 21 MIll C ) and stellate in appearance ( Fig. 2.1 ). In these neu rons. the pri Illary dendrites ranged in number from n'e tlJ ntne. radiated In all directions from the perikarya. and \\erL' lJ" almost equal diameter. Similar to pyramidal neurons. the dendrites of stellate neurons branched repeatedly tn close proxImIty to the perikarya. gradually tapered distal to the soma. and were covered with spines. The dendritic arborization of these neurons could also extend for several hundred micrometers in all directions.
Unlike the axon of pyramidal neurons. the Fig. 2 H) . These two pi)PUlations could be further subdivided.
ClASS I NEL'RO S
The most common group recorded from III this study were Class I neurons (14/23).
Of these, 7/14 \Vere large neurons (perikarya surface area: 245 ± 19 ,um") that had several features common to glutamatergic pyramidal cells previouslv reported in immunohIstochemical studIes of the BLA (McDonald 1982 : McDonald et al. 1989 ). First, one primary dendrite was thicker than the rest, thus giving the neuron a pyramidal or piriform appearance (Fig.  II ) I'" f axon of stellate neurons (Fig. I B. -) arose from one of the primary dendrites: however. similar to pyramidal neurons. the axon gave off collaterals that ramified throughout the dendritic arborization and that had varicosities at irregular intervals along their length. Axons of both pyramidal and stellate neurons were often seen to extend beyond the boundary of the BLA. The axon of the neuron shown in Fig. I A bifurcated. one branch coursing dorsolaterally for several millimeters toward the external capsule, the other branch coursing ventromedially toward the region of the cortical amygdaloid nucleus (not shown) .
CLASS" NEURONS
Class II neurons (9 f 23) were multipolar ( Fig. 2 B) . characteristically smaller than Class I stellate neurons (perikarya surface area: 235 ± 17 f.Lm 2 ), and spine sparse. Similar to Class I stellate neurons, the primary dendrites of Class II multipolar neurons radiated in all directions from the perikarya and their diameter decreased gradually as they extended distally (Fig. 2 B) . These dendrites had a sparse covering of spines, and in some cases were devoid of spines. Consequently, it was not possible to reliably identify the axon in these neurons. In addition, no axon collaterals were observed in Class II neurons. On two occasions. large piriform neurons were filled that appeared to have spine-sparse dendrites: however, it is unclear whether these neurons were poorly filled Class I pyramidal neurons or belonged in Class II. Consequently, these neurons were not included in the electrophysiological characterization. In three cases. more than one neuron was found to be filled with biocytin within the same slice, suggesting dye coupling. In each of these cases, an additional small Class II neuron was labeled within the dendritic field of a Class I neuron (2 stellate, I pyramidal).
Electrophysiological properties of BLA neurons
BASIC MEMBRANE PROPERTIES.
No significant difference was fou!Jd in th,' resting membr8ne potential (RMP) recorded from Class I pyrdrTlldal (-65.S + 2.9 mY, t. = 7), Class I stellate (-64 .2 ± 1.'-). n ~7). or Class II multipolar (-64 .9 ± lA. n = 9) neurons. Furthermore. electrotonic potentials evoked by injection of transient (200 ms) hyperpolarizing current steps of increasing amplitude had a characteristic shape that was common to all three neuronal types (Fig. 3, A and B) . Thus in hyperpolarizing electrotonic potentials a time-dependent depolarizing sag was observed between the peak (0) and steady state amplitude (.). which increased in amplitude with membrane hyperpolarization. This is illustrated in Fig. 3 (bo{{o!n). where peak and steady-state voltage deflections are plotted as a function of hyperpolarizing current intensity. Current-voltage relationships constructed for both Class I and Class II neurons showed that with increased hyperpolarizing current injection. the difference between the peak voltage deflection (0) and the steady-state voltage deflection (.) gradually increased. suggesting that the depolarizing sag might be due to a time-and voltage-dependent rectification. The input resistance (R N ) of Class I stellate neurons, calculated from the linear section of the currentvoltage relationship, was significantly lower (40.1 ± 2.9 MO, n = 7) than either that of Class I pyramidal (58.1 ± 10 MO. n = 7) or Class II multipolar (58.3 ± 3.6 MO. n = 9) neurons.
Time constants of membrane charging were analyzed using the "lumped soma-finite equivalent cylinder." which defines the dendritic neuron (Rail 1969) . Using this method of analysis, the passive membrane time constant. TO, and the first equalizing time constant that arises from charge redistribution in the dendrites. T]. were derived b f itting the voltage transient to a double exponential equation (see METHODS). Thus, similar to RN, TO was significantly smaller in Class I stellate than Class I pyramidal neurons (Table I ) . Furthermore. the TO of Class II neurons was significantly different from that of both Class I subtypes (P < 0.05). However, T I was not significantly different between groups and was considerably faster than TO in all cases (Table I ) . After the termination of the larger hyperpolarizing step commands, a rebound depolarizing potential (RDP. Fig. 3 arrow) was recorded in all three neuronal types. The RDP increased in amplitude with increasing hyperpolarizing current step commands and in most cases could eventually initiate action-potential firing.
Action potentials. recorded at a holding potential of -60 mY. were generated by transient (7 ms) depolarizing current injection (0.3-0.75 nA). In all three neuronal types, the membrane potential achieved at the peak of the evoked action potentials exceeded that of the reference potential ( 0 mY) by 5-15 mY. There was, however, no significant difference in either the threshold for action-potential generation or the amplitude of the action potential between any of the three neuronal types (see Table I ). As shown in Fig. 4A . there was no obvious difference in the shape of the evoked action potential in each of the neuronal types. Furthermore, when the first derivative (dY f dt) was plotted as a function of time (Fig. 4 B) . no difference was observed in the shapes of the clITves obtained from 811thn,;' cell types (r;g. 4B. Class I pyramidal, 81. Class I :.tellate, 82; Class II. B3). 1-:0WCVCr. values obtai ned for the rate of rise and rate of repolarization of action potentials in these neurons indicated that action potential duration may be significantly different between the three groups. Action potentials of Class I pyramidal neurons had the slowest rate of rise (255 ± 16 mY / ms), the longest half-width (0.87 ± 0.03 ms), and the slowest rate of repolarization (91.0 ± 5.1 mY f ms, n = 7). These values were significantly different (P < 0.05) than those of Class I stellate neurons, which had the fastest rate of rise (350 ± 29 mY fms). the shortest half-width (0.70 ± 0.02 ms), and the fastest rate of repolarization ( 116 ± 6.7 mY f ms. n = 7) Class II neurons showed an intermediate rate of rise (344 ± 34 mY fms), half-width (0.77 ± 0.01 ms). and rate ofrepolarization ( 107 ± 4.8 mY f ms, n = 7).
POSTSPIKE AFTERPOTENTIALS.
Afterhyperpolarizing (AHP) and afterdepolarizing (ADP) potentials common to all morphological types were observed after both evoked (Fig. 5 A ) and spontaneous single action potentials (Fig. 5 B) . At membrane potentials more depolarized than rest (-55 
, a fast AHP (fAHP, arrow) was observed to immediately follow spike repolarization. At the same membrane potential, a second AHP was observed that reached peak amplitude tens of milliseconds after the fAHP (time to peak: 47.4 ± 4.2 ms, n = 14). This AHP was termed the mAHP (-). Both the fAHPs and mAHPs increased in amplitude with membrane depolarization from -55 mY and decreased in amplitude with membrane hyperpolarization (not shown). A small depolarizing shoulder was observed to separate the mAHP from the fAHP. At the RMP of most cells, the depolarizing shoulder was seen to be a true ADP (Fig. 5C -) , which appeared to temporally overlap with both the fAHPs and mAHPs. At more hyperpolarized Membrane properties of Class I and Class 1/ BLA neurons membrane potentials, the ADP increased in both amplitude and duration and, in some neurons, reached the threshold for action-potential generation (Fig. 5D ). The temporal overlap of the ADP with the fAHPs and mAHPs precluded further examination of the reversal potential for these two potentials.
REPETITIVE FIRING PROPERTIES.
In both Class I and Class II BLA neurons, two distinct firing patterns were observed in response to transient (200 ms) depolarizing current pulses of increasing amplitude (Fig. 6 ). Neurons could be designated as either burst or regular firing depending on their response to low-intensity depolarizing current injection. Characteristically, burst-firing neurons responded with a group of two, or rarely three, action potentials riding on a slow depolarizing envelope, after which firing ceased (Fig.  641) ' ' Rate of fall, m V /ms 91 ± 5.1 116 ± 6.7· 107 ± 4.8 AHPs sAHPA• mV 3.3 ± 0.3 3.8 ± 0.7 3.4 ± 0.5 sAHPD, sec 2.8 ± 0.5 2.3 ± 0.5 2.5 ± 0.4 mAHPA• mV 6.2 ± 0.7 4.7 ± 1.8 4.9 ± 1.5
BLA. basolateral nucleus of amygdala; RMP, resting membrane potential; TO, passive membrane time constant; Tio first equalizing time constant that arises from charge redistribution in the dendrites; AHP, afterhyperpolarization; sAHP. slow AHP; mAHP, medium AHP. ·different from Class I pyramidal neurones. P < 0.05 "different from Class I stellate neurones, P < 0.05. spikes ( 1st ISI) evoked in response to a transient (200 ms, 0.2 nA) depolarizing current pulse was 6.0 ± 1.1 ms (n = 5: Fig. 6A 1) . In addition. no significant change (P > 0.05) in the first ISI was observed with depolarizing current injection of increasing amplitude ( 1st ISI: 4.5 ± 0.4 ms at 0.6 nA. n = 10). With increasing stimulus intensity, the burst was followed by a slower. more rhythmic firing pattern (Fig. 6.'12) . This is illustrated in Fig. 6A3 . here loglo(frequency ISI) was plotted as a function of depolarizing current intensity for the first (0), second (0). and third (I.::.) ISis. As can be seen. the first ISI remains constant with increasing current intensity, whereas the durations of the second a:ld third ISis decrease with increasing current intensity. It was noted during the course of these experiments that thcse burst-firinf' neU,0li '13d prcnounced ADPs after single action potentials. In these neurons, atl ADP could be observed at a holding potential of both -60 (Fig. 6. '14. -.) and -70 mY (Fig. 6.'15) . Interestingly, no Class I pyramidal neurons were found to be burst firing, whereas 56% of burst-firing neurons had Class II morphology and the remaining 44% had Class I stellate morphology (11 = II).
In contrast, regular-firing neurons showed a long ISI between the initial two action potentials ( 1st ISI: 91.6 ± 6.7 ms, n = 6: Fig. 6B1 ) evoked in response to low-intensity (0.1-0.2 nA) depolarizing current steps. Unlike burst-firing neurons, no depolarizing envelope was observed in regularfiring neurons (Fig. 6 B2) , and the duration of the first ISI decreased significantly (Table 2 ) with increasing depolarizing current intensity (0.2-0.6 nA). Furthermore, the duration of the first ISI evoked at both the low and the high depolarizing current intensity was significantly longer in regular-firing neurons than in burst-firing neurons (Table  2) . When log,o( frequency ISI) was plotted as a function of depolarizing current intensity (Fig. 6 B3) , the first (0). second (0). and third (1.::.) ISis all decreased with increasing intensity. In addition. the ADP observed after single action potentials recorded at a membrane potential of -70 mY In regular-firing neurons (Fig. 6 B5) was greatly reduced at a membrane potential of -60 mY (Fig. 6B4) . Of these regular-firing neurons (n = 9).66% were Class I pyramidal neurons (n = 6). 22% were Class I stellate neurons ( n = 2). and II % were Class II neurons (11 = I). Although the majorit õ f BLA neurons could be easily categorized as being either regular-or burst-firing neurons. three neurons with firing properties intermediate between the two patterns were encountered. In these neurons. the frequency of the first ISI was low, and similar to the regular firing neurons. at 10\\ current intensities (0.1 nA): however. with small increases in the current intensity (0.2-0.3 nA) the firing frequency immediately reached steady-state levels, similar to burstfiring neurons .
The ability of cells to sustain repetitive firing during prolonged periods of depolarizing current injection was also examined. Once again, two distinct firing patterns were observed in Class I BLA neurons in response to 500-ms depolarizing current injection (Fig. 7, A and B) . However. neither pattern appeared to correspond to either of the two types of Class I neuronal morphology or to the regular-or burst-firing patterns. Of those neurons tested. only 3/16 (2 pyramidal and I stellate regular firing) showed accommodation of repetitive spike firing during depolarizing current injection. Accommodation was defined as the slowing of action potential firing during the initial (200 ms) segment of the depolarizing current injection. which curtailed with continued depolarization (Fig. 7. B1 and B2) . The remaining 13/16 neurons (4 pyramidal. I stellate burst-firing. and 8 Class II) were nonaccommodating cells that could sustain repetitive action potential firing throughout the period of depolarizing current injection (Fig. 7 A1) . In contrast to Class I neurons, all Class II neurons tested (8/8) were nonaccommodating (Fig. 7. C1 and C2) . In addition. the majority of these nonaccommodating Class II neurons were burst firi ng (6/8), whereas the remai nder (2/8) showed a regular-firing pattern. However, in every Class I and Class II neuron thf' rate of firir, i 0re ,sed \'. itL increasing de polarizir.g current injeclicn \ Fig. 7 . A2. B2. and (2). In neurons that did not accommodate the alteration in firing frequency with time. spike frequency adaptation. clearlv consisted of two components (Fig. 7, A3 and C3). First: there was an initial rapid adaptation of the firing frequency over the first 100 ms of the depolarizing current pulse. Second. there was a slower adaptation whereby the firing frequency dropped to the steady-state level during the remainder of the pulse. In those neurons that did accommodate. a rapid spike frequency adaptation occurred similar to that observed during the first 100 ms in nonaccommodating neurons (Fig. 7 B3) .
AHP potentials were observed after repetitive firing evoked by injection of depolarizing current in all types of BLA neurons. To examine the amplitude and duration of the AHP, a standard suprathreshold ( 100 ms, I nA) depolarizing current step was used from a holding potential of -60 mY. On the termination of this depolarizing protocol. an AHP with two distinct components could be observed (Fig. 8 A) . The ini- , and 3rd ISIs shows a gradual increase of the instantaneous firing frequency with increasing stimulus intensities. In the same neuron, a single spike evoked by a 3-ms depolarizing current injection was followed by an afterhyperpolarization (AH P) (B4). whereas an ADP was evident only at membrane potential -70 mV (B5).
Values except those in n columns are means ± SE. n = number of neurons. ISI, interspike interval. ·Significantly different from two-spike ISI regular firing, P < 0.00 I. "Significantly different from first ISI at 0.6 nA of regular-firing cells, P < 0.05. tial component was observed immediately after the termination of the depolarizing pulse, and its latency to peak amplitude was 52 ± 4 ms (n = 13). We have called this compow" t th ~mAHP (Fig. 8.4, . • ) bc( ,'use i s time to peak was ,irni]"r (r > 0.05) to thrt of thl: mAHP tllat foHowtQ a single action potential. The mAHP decayed with a time constant between 30 and 164 ms ( 100 ± 67 ms, n = 6), as determined by exponential fitting of the first component of the AHP after repetitive firing (see METHODS). A second slower component, the sAHP was observed to follow the mAHP (Fig. 8A. -+ ) with a latency to peak of 244 ± 22 ms (n = 17). The sAHP decayed with a much longer time constant ranging between 1,135 and 3,029 ms ( 1,912 ± 357 ms, n = 6).
The amplitude oftl.e m:\HP (FiE 3Aa) and ·he "mpli tude and duration of the sAHP (Fig. 8, A,' , and Ac) were dependent on both the amplitude and duration of the depolarizing current injected and on the membrane potential at which the response was evoked. The effect of increasing the current intensity of a transient (200 ms) depolarizing step on AHP duration is shown in Fig. 8 B. In this neuron, both the mAHP and the sAHP components increased in amplitude, and the sAHP increased in duration with increasing current intensity (0.1-0.6 nA). When the mAHP and sAHP amplitudes were plotted as a function of current intensity (Fig. 8, C and D. respectively), no significant differences were found in the response patterns between the different morphological groups. In addition, there was no significant difference in the amplitude of mAHPs and sAHPs evoked by suprathreshold current injection ( 100 ms, 1 nA) within the morphologically identified neuronal types (Table 1). There were also no significant differences in the amplitudes of mAHPs and sAHPs in regular-and burst-firing neurons (not shown).
In some neurons, only a mAHP was observed with low current intensities, but when the depolarizing current step was increased, a sAHP could be evoked. However, in a small number (3/23) of BLA neurons, no sAHP was observed even at the highest depolarizing current injection ( I nA) tested (nct shown). In 50% of the neurons studied here, the amplitud..: of the E'AHP was larger than t.hat ofthl: sAHP and a visual separation of the two components was possible. However, in the remaining 50%, the amplitude of the sAHP was large and masked the mAHP such that the two components could not be clearly separated. neurons identified in this study closely resemble those of pyramidal and stellate Class I neurons and Class II neurons as originally described from Golgi studies of the BLA ( Braak and Braak 1983 : McDonald 1982 : Millhouse and DeOlmos 1983 . and have therefore been grouped according to this classification. Furthermore, the electrophysiological responses of the different morphological subtypes show characteristic traits that can be assigned to the three groups, which will permit identification of neuronal subtypes in subsequent electrophysiological studies of the BLA. Previous studies from this laboratory presumed to record mainly from Class I pyramidal neurons: in light of the present study. the previous data must be interpreted as having been obtained from a heterogeneous population of neurons in which both stellate and pyramidal spiny Class I neurons predom inate,
The major discrepancy between our findings and those of previous morphological investigations is that, from our results. there appears to be greater percentage (39%) of Class II neurons in the BLA than previously reported. and no Class III neurons. Moreover, there appears to be an equal distribution of pyramidal (30%) and stellate (30%) Class [ neurons. A continuing tally of labeled neurons (n = 52) in our laboratory supports the equal distribution of pyramidal ( 42%) and stellate (38%) and a higher percentage (20%) of Class II neurons (Rainnie and Shinnick-Gallagher, unpublished data) than previously reported in rats. McDonald ( 1982, 1984) reported in Golgi studies of the rat that BLA Class [ pyramidal neurons are the predominant
The preponderance of pyramidal neurons was also found to be true in the cat (Tombol and Szafranska-Kosmal 1972) , mouse and guinea pig (= 70%; Millhouse and DeOlmos 1983), and human baso[ateral amygdala (Braak and Braak 1983) . Several factors may account for this discrepancy: 1) [n this study, only one neuron was stained per 500-11m slice compared with the entire BLA in Golgi studies. It is possible that increasing the number of biocytin-filled neurons will shift the balance toward that seen in Golgi studies.
2) McDonald ( 1984) reported that Class II neurons impregn"te infrequentlv. It is pnssible thqt when the' I'olgi-;(opsch staining proceJure is used, a population of Class II neurons is overlooked and that this may account for the preponderance of Class [ pyramidal neurons in studies using this stain. Indeed. it has been reported that immunocytochemical studies in the amygdala may stain between 5 and 30 times as many neurons per section as those visualized with Golgi staining (Roberts 1992) .
J) The tip size of the recording electrode may also bias the sample toward larger neurons. The absence of small Class III neurons in this study suggests that electrophysiological recording and thus filling with biocytin is prejudiced against smaller neurons. Furthermore, with only one cell filled per slice, the bias toward those cells that can be more easily recorded, i.e., larger, is enhanced.
4) Finally, a number of Class [ pyramidal cells may have been classified as Class [ stellate neurons because of the orientation of the slice. [fa pyramidal neuron is viewed on end, the apical dendrite would not be in the viewing plane and the neuron would appear to be stellate. Indeed, the random organization of neurons within the BLA (McDonaid 1984) would increase the chance of this occurrence when compared, for example, to the strict spatial organization of pyramidal neurons in the nonlaminar visual cortex (Lund 1973; Valverde 1971) . This could account for the two apparently stellate neurons that had regular spike firing patterns. These neurons might have been misclassified pyramidal neurons, all of which had a regular spike firing pattern.
Despite these concerns. the use of biocytin in this study did allow the correlation of morphology with eIectrophysiological characteristics.
Biocytin is a stable molecule that does not greatly affect electrode resistance and thus allows stable intracellular recordings. [n addition, biocytin (unlike Lucifer yellow) is not a lithium salt (Mayer et al. 1984 : Twery et al. 1991 and so has no apparent effect on the physiological properties of injected neurons. [n a parallel in vitro study on muscarinic responses in the BLA. Washburn and Moises ( 1992) report that pyramidal neurons have properties similar to those reported here for Class [ stellate neurons. It is possible that this discrepancy arises from their use of Lucifer yellow as the intracellular label.
Morphological characteristics orClass I and Class II neurons
As mentioned above spine-laden Class I neurons could be divided into two distinct morphological subtypes. namely, Class I pyramidal neurons and Class [ stellate neurons. However, Class I neurons share many morphological features that suggest that these neurons may also share some common functional properties. Both neuronal types appear to be projection neurons (Braak and Braak 1983; McDonald 1982 : Sripanidkulchai et al. 1984 that have dense spine-laden dendritic arbors in close proximity to the perikarya, through which ramify the beaded axonal collaterals of that same neuron. Autapses, synaptic contacts between dendritic spines and recurrent collaterals of the same neuron. have been reported in pyramidal neurons of the piriform cortex (Haberly and Presto 1986) and spiny stellate neurons of the visual cortex (Martin and Whitteridgf' 1984) , \,Vlkre ti)ey have bl'e.1 )[oooed i0 mediate Ii' current excitatiun. Indeerl. McDonald (1984) has described both autapses and synaptic contacts between neighboring Class I neurons in the BLA. [n addition. several studies have reported that projection neurons of the BLA are glutamatergic (Christie et al. 1987; Fuller et al. 1987 : McDonald et al. 1989 . Our data show close parallel passage of dendrites and axons. suggesting a possible anatomic substrate for autapses and supports observations from electrophysiological studies that complex local excitatory networks exist in the BLA (Rainnie et al. 1992) . In the visual cortex, spiny stellate neurons may act as relays between the thalamic input and the pyramidal projection neurons (Lund 1973; Martin and Whitteridge 1984; Valverde 1971) . Because the BLA has been suggested to be a quasicortical structure (Carlsen and Heimer 1988) , it is possible that spiny stellate neurons of the BLA integrate incoming information from cortical and subcortical areas and then relay the processed information to pyramidal neurons.
Spine-sparse Class II neurons of the BLA have been reported to represent a population of interneurons that may utilize GABA, acetylcholine (ACh), cholecystokinin (CCK). somatostatin. neurotensin. or vasoactive intestinal peptide as neurotransmitters (McDonald 1985a : Roberts et al. 1982 : Shiosaka et al. 1983 . The multipolar Class II neurons recorded in this study appear to correspond to those Class II neurons that are immunoreactive for GABA (McDonald 1985a: Nitecka and Ben-Ari 1987) , ACh (Nitecka and Frotscher 1989) and CCK (McDonald 1985b) . Both GABAergic and cholinergic neurons form symmetrical synaptic contacts not only with Class I pyramidal neurons but also with other Class II neurons. Interestingly. GABAergic neurons mainly form synaptic contacts with the soma and distal dendrites of Class I neurons (Carlsen 1988) . In contrast. cholinergic neurons form synaptic contacts only with dendritic spines and shafts of Class I neurons (Carlsen and Heimer 1986: Nitecka and Frotscher 1989) . suggesting that these putative inhibitory interneurons may serve to regulate different inputs within the BLA.
We have observed characteristic electrophysiological responses that may be used to distinguish among the three morphological subtypes. The correlation between electrophysiology and morphology may well exist despite the observations that 1) neurons of the anterior and posterior BLA originate. embryological1y. from a common cel1 source (Humphrey 1972) and that 2) in the visual cortex. stellate neurons have been hypothesized to be a continuum of pyramidal neurons because of a progressive shortening of the apical dendrite (Peters and Kara 1985) .
Class I p.vramidal neurons
The data correlating electrophysiology and morphology strongly suggest that Class I pyramidal neurons of the BLA share characteristics common to each other and to pyramidal neurons from other brain regions. Specifically. Class I pyramidal neurons of the BLA can be distinguished from other BLA neuronal subtypes by their high RN and long 10 (65.6 MQ and 27.8 ms. respectively), long-duration action potential (half-width = 0.85 ms) and regular firing pattern ( I st IS I = 9 I IT.:;)
Class I slcllalc ncurons
Spiny stellate neurons of the BLA comprised 30% of the neurons examined here and exhibit electrophysiological characteristics that differ distinctl y from those of spi n y pyramidal as well as aspiny Class II neurons. Thus Class II neurons are characterized by having the lowest RN (40.1 MQ). shortest TO ( 14.5 ms), short-duration action potential (halfwidth = 0.7 ms). and burst firing pattern ( 1st ISI = 6.0 ms). Furthermore. these characteristics suggest that Class I stel1ate neurons would require a stronger and/or higher frequency excitatory input to drive the membrane toward action-potential threshold.
Class II ncurons
We had hoped that the first equalizing time constant. T I' would give some information on the cable properties of the dendritic tree. However. our assumption that the dendritic tree behaves as a summed cable may not be valid because the fast 1 values are the same for all cell types and thus do not reflect differences in the shape of the dendritic trees. Therefore. we have not expanded on the functional consequence of 1 I' Our results demonstrate that Class I pyramidal neurons are also distinguishable from Class I stellate and Class II neurons by their action-potential characteristics. Class I pyramidal neurons had the slowest action-potential. which resulted from both a slow rate of rise (255 mY / ms) and a slow rate of repolarization (91 mY / ms). Slow action potentials are also a characteristic of pyramidal neurons of the rat hippocampus (half-width: 1.0 ms. Knowles and Schwartzkroin 1981) . guinea pig sensorimotor cortex (half-width: 0.8 ms, McCormick et al. 1985) . and turtle visual cortex (half-width: 1.45 ms. Connors and Kriegstein 1986) . The long duration of the action-potential may al10w prolonged calcium conductance thrOtlgh voltage-dependen, hdfJnels durinG (1ch ;.;:·tioI1·potcntlal. If. as 1';1 ~tern reported for hippocampal CA 1 neurons (Storm 19X/ ) . expression of the fAHP and mAHP is partly dependent on calcium influx during the preceding action-potential. it would be expected that the amplitude of the AHPs in Class I pyramidal neurons would be greater than those of Class I stel1ate or Class II multipolar neurons. which have significantly faster action potentials. However. this was not the case. It is possible that an interplay between conductances mediating thefAHPs and mAHPs and those underlying the ADP may explain these results. At membrane potentials close to the RMP (-70 mY). action potentials of all BLA neuron subtypes were followed by a prominent ADP. However. at potentials more depolarized than rest ( -60 mY). the ADP was less predominant and might be shunted by the fAHP. which appeared as a continuum of the downstroke of spike repolarization, and the subsequent mAHP. In other regions of the CNS, the ADP has been reported to result from both passive and active membrane properties (Baldissera 1976; Liinas and Nicholson 1971: Wong and Prince 1981 ) . Furthermore, computer modeling of hippo-campal and neocortical pyramidal neurons suggests that the ADP plays an important role in spontaneous and evoked burst firing (Traub 1979; Traub and Llinas 1979) . The I'AHP and mAHP and less prominent ADP may contribute to the regular firing pattern and slow first ISI (91 ms) observed in all Class I pyramidal neurons of the BLA and may thus prevent the expression of burst firing in these neurons. In contrast to Class I pyramidal neurons, a distinct ADP could be observed in Class I stellate and Class II neurons after single action potentials evoked at -60 mY. These data suggest that the active conductance underlying the ADP was greater and affected I'AHP and mAHP expression in these neurons. These interactions may contribute to the burst firing pattern observed in both of these neuronal subtypes. This hypothesis is supported by the observation that intracellular injection of calcium chelators can transform regular firing neocortical neurons into burst-firing neurons ( Friedman and Gutnick 1989) . The regular firing pattern observed in Class I pyramidal neurons is similar to that previously reported for pyramidal neurons of the sensorimotor cortex ( McCormick et al. 1985) and the neocortex of rat (Connors and Gutnick 1990) and humans (A voli and Oliver 1989: Foerhing et al. 199! ) . Only two spiny stellate neurons exhibited a regular firing pattern in response to a prolonged depolarizing stimulus, a finding which could be the result of incorrect morphological identification.
Little is known regarding the electrophysiological properties of morphologically identified stellate spiny neurons in other areas of the central nervous system. Nevertheless, certain features of the burst firing pattern of spiny stellate neurons are similar to those recorded in bursting neurons of the guinea pig neocortex and sensorimotor cortex (Connors et al. 1982 : McCormick et al. 1985 and low-threshold spike neurons of the human association cortex (Foehring et al. 1991 ) . Characteristically, the burst consisted of two or three fast action potentials riding on a depolarizing envelope. The generation of the depolarizing envelope has been attributed to the activation of a voltage-dependent calcium conductance in rat hippocampal (Wong and Prince 1978) , human neocortical (Foehring and Waters 1991) , and gllinea pig suh<;tantia nigra OF:urons (Yung t .11. ,991). It is f.iossiblc Ll1al in b'lrst-fmng neurons of the BLA. the depolarizing envelope, which can be still observed in the presence of tetrodotoxin (unpublished observations). is also due to a voltage-dependent calcium conductance. Two additional active membrane properties were observed in all BLA neurons that may help maintain levels of membrane excitability. Namely. the time-and voltage-depcndent depolarizing "sag" seen in hyperpolarizing electrotonic potentials and the RDP seen on termination of hyperpolarizing electrotonic potentials. It is possible that the depolarizing sag and the RDP may be mediated by the same or multiple conductances.
Several anomalous rectifying currents that are mediated by alterations in the conductance of both sodium and potassium have been reported to generate the depolarizing sag observed in neurons from different regions of the CNS. The fast anomalous rectifier observed in pyramidal neurons of the olfactory cortex (Constanti and Galvan 1983) does not overshoot in the depolarizing direction on termination of the current pulse, whereas an RDP is observed after the slow anomalous rectification in neurons of area CA I of the hippocampus (Halliwell and rl Adams 1982) , the sensorimotor cortex (Spain et al. 1987) .
I(
and neocortex (Foehring and Waters 1991) . Interestingly, ti the RDP in neocortical neurons is not fully blocked by cesium, which blocks the anomalous rectification (Foehring and Waters 1991) . The cesium-resistant RDP may correIi spond to the low-threshold calcium conductance that media ates the RDP in neurons of the parietal neocortex (Friedman and Gutnick 1987) . These same authors reported that t he low-threshold calcium conductance may also contrib-0 ute to the ADP after single action potentials in these neurons. It is possible that BLA neurons possess both sodium/ potassium time-dependent rectifier and low-threshold calcium conductances.
Repetitive firing of Class I pyramidal neurons either accommodates (2/6) or does not accommodate (4/6) during periods of prolonged depolarization.
suggesting that a majority of pyramidal neurons could reliably transform tonic excitatory input into tonic output. whereas a minority would be more adept at transforming a phasic input. Insufficient data was collected from Class I stellate neurons to determine their response to prolonged depolarizing stimuli. In contrast. repetitive finng of Class II neurons uniformly did not accommodate, suggesting that like the majority of Class I pyramidal neurons, these neurons could also follow '1 a high-frequency excitatory input. This nonaccommodating property of Class II neurons has also been reported for putative GABAergic interneurons of the hippocampus (Ashwood et al. 1984 : Lacaille and Schwartzkroin 1988 : Schwartzkroin and Mathers 1978 , neocortex (McCormick et al. 1985) . and association cortex (Foehring et al. 1991) . The responses of burst-firing Class II neurons to prolonged stimuli, combined with the rapid rate of rise and fall of the action potential, imply that these neurons are not only able to instantly respond to phasic inputs. but can also faithfully transform tonic excitatory inputs into sustained outputs. Irrespective of the presence or absence of accommodation in neurons of the BLA, spike frequency adaptation was always observed, suggesting that these neurons can attenuate prolonged excitatory inputs. Thus finng in re-~ õnse to a strong, prolon? d exritatory input will decr ::tst ulltil a steady-state firing level is reached.
In most BLA neurons, repetitive firing was followed by a mAHP and sAHP. Although Class I pyramidal neurons appeared to have a larger mAHP than Class I stellate or Class II neurons. no significant difference was found between the three groups. In hippocampal pyramidal neurons, the mAHP is mediated by multiple conductances (Storm 1989) . whereas the sAHP results from a calcium-dependent potassium conductance (Lancaster and Adams 1986; Lancaster and Nicoll 1987) . Increased calcium influx during slow action potentials might be expected to result in an enhanced mAHP and sAHP compared with those of neurons with faster action potentials. An increased sample size may be required to detect this difference. However, on the basis of our data. the characteristics of mAHPs and sAHPs cannot be used to differentiate between the different morphological subtypes of BLA neurons.
In conclusion. we have demonstrated a clear correlation between the morphology and intracellular electrophysiological properties of three subtypes of BLA neuron and as a result we will now be able to assess the effects of pharmacological and physiological manipulations on defined populations of BLA neurons.
